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Background: Following an outbreak of coronavirus disease 2019 (COVID-19) on the cruise ship Diamond 

Princess , passengers and crew were followed-up to determine prognosis. This study examined the epi- 

demiological determinants of COVID-19 natural history using these follow-up data. 

Methods: Infection status, diagnosis, clinical symptoms and prognosis were analysed for all passengers 

and crew members on the Diamond Princess . In addition, the risk of infection associated with exposure 

within cabin rooms, as well as the risks of various clinical manifestations of disease, along with their 

epidemiological determinants, were analysed. 

Results: The adjusted odds ratio (aOR) of infection for individuals tested by polymerase chain reaction on 

or after 12 February 2020 compared with individuals tested before this date was 0.53 [95% confidence 

interval (CI) 0.39–0.72], reflecting decreased transmission during onboard quarantine. Among infected 

individuals, older age was associated with elevated odds of symptomatic illness (aOR 1.01, 95% CI 1.00–

1.02), severe disease (aOR 1.08, 95% CI 1.05–1.12) and death (aOR 1.12, 95% CI 1.05–1.21). 

Conclusions: Severe COVID-19 disease, death and symptomatic illness were more frequent among older 

individuals on the Diamond Princess . Older elderly cases (age ≥80 years) had the highest risks of severe 

disease and death. Inter-room transmission was prevented successfully by the onboard quarantine. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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The coronavirus disease 2019 (COVID-19) pandemic has en- 

ulfed all regions of the world very swiftly, and has yet to be 

rought under control in many nations ( World Health Organiza- 

ion, 2020 ). Difficulties in controlling the pandemic may be related 

o the natural history of infection: unlike severe acute respiratory 

yndrome coronavirus, infection with severe acute respiratory syn- 

rome coronavirus-2 (SARS-CoV-2) can be asymptomatic ( Ali et al., 

020; Arons et al., 2020; Buitrago-Garcia et al., 2020; Kronbichler 

t al., 2020; Mizumoto et al., 2020; Nishiura et al., 2020a; Rothe 

t al., 2020; Sakurai et al., 2020 ). This point was initially raised 

y a case report from Germany ( Rothe et al., 2020 ), and at a sim-

lar time by an early analysis of publicly available data on the 
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iamond Princess ( Mizumoto et al., 2020 ), followed by an analy- 

is of traveller data from evacuation flights from Wuhan to Tokyo 

 Nishiura et al., 2020a ). Even in the absence of symptoms, sec- 

ndary transmission can take place ( Du et al., 2020 ; Nishiura et al., 

020b ). Heterogeneity of disease manifestations plays a key role in 

ransmission: the symptoms of younger individuals are often very 

ild, and their close contact in a confined space often leads to 

ransmission ( Nishiura et al., 2020c ). 

Although several epidemiological studies of the natural his- 

ory of COVID-19 have been published, risk factors for some of 

he key variables in the disease course have yet to be identi- 

ed. For instance, while the asymptomatic ratio has been esti- 

ated to be approximately 20–30% of infections ( Ali et al., 2020; 

rons et al., 2020; Buitrago-Garcia et al., 2020; Kronbichler et al., 

020; Mizumoto et al., 2020; Nishiura et al., 2020a; Rothe et al., 

020; Sakurai et al., 2020 ), the clinical determinants of asymp- 

omatic infection have yet to be explored. Although risk factors 

or COVID-19-associated mortality, including age and underlying 

hronic diseases, have been identified ( Ruan, 2020 ; Verity et al., 
ty for Infectious Diseases. This is an open access article under the CC BY license 
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020 ; Zhou et al., 2020 ), the predictors of severe disease man- 

festations are not yet fully understood. Moreover, epidemiologi- 

al studies aiming to better characterize heterogeneous COVID-19 

utcomes have not yet quantified the unconditional risk of trans- 

ission (e.g. secondary attack rate measured in confined spaces, 

uch as households). These elements of disease heterogeneity can 

e clarified only by observing transmission and disease course over 

ime in a substantial number of exposed and infected individuals 

f different ages. 

The Japanese experience of an outbreak on the cruise ship Di- 

mond Princess , starting on 3 February 2020, offers an interesting 

pportunity to study the natural history of COVID-19 ( Field Brief- 

ng: Diamond Princess COVID-19 Cases, 20 Feb Update, 2020 ; 

akimoto et al., 2020 ). During the outbreak, transmission chains 

ccurred in a confined space, with all passengers forced to remain 

n their cabins as part of an onboard quarantine. The presence 

f symptoms was explored consistently for all 3711 persons on- 

oard, including 26 6 6 passengers and 1045 crew members, and all 

nderwent polymerase chain reaction (PCR) testing when symp- 

oms were observed. Moreover, transmission events in cabin rooms 

hared with infected persons were recorded over time. 

The present study aimed to examine the epidemiological de- 

erminants of the heterogeneous natural history of COVID-19 us- 

ng data collected from the passengers and crew of the Dia- 

ond Princess . Differential risks of in-room secondary transmis- 

ion, symptom development, severe manifestations and death were 

xplored. The frequency of in-room secondary transmission fre- 

uency was used to assess the effectiveness of the onboard quar- 

ntine. 

ethods 

iamond Princess data 

As described elsewhere ( Expert Taskforce for the COVID-19 

ruise Ship Outbreak, 2020 ; Field Briefing: Diamond Princess 

OVID-19 Cases, 20 Feb Update, 2020 ; Kakimoto et al., 2020 ), the 

utbreak on Diamond Princess was recognized at sea by 3 Febru- 

ry 2020. All passengers were strictly required to remain in their 

abins for a period of 14 days starting on 5 February 2020. Disem- 

arkation of passengers occurred from 19 February to 23 Febru- 

ry 2020 and crew members disembarked by 1 March 2020. Dur- 

ng the onboard quarantine, daily health check-ups were conducted 

nd any individuals with symptoms (including fever or cough) 

ere tested by PCR. Individuals whose cabinmates tested positive 

or SARS-CoV-2 were tested irrespective of symptoms. All crew 

embers underwent PCR testing during disembarkation irrespec- 

ive of symptoms. When a diagnosis was confirmed, cases were 

solated in inland hospitals near Yokohama or in distant prefec- 

ures including Aichi and Fukushima. PCR-negative symptomatic 

assengers were tested repeatedly during the precautionary isola- 

ion period. In addition to onboard recording of data, hospitalized 

ases were followed-up to record prognosis. When individuals re- 

overed or died, follow-up was completed. 

Infection status, diagnosis, symptoms and prognosis were anal- 

sed for all passengers and crew on the Diamond Princess , includ- 

ng a follow-up survey of prognosis until 8 June 2020. The origi- 

al data collected by the Ministry of Health, Labour and Welfare 

ncluded age, sex, nationality, PCR test results, symptoms, disease 

everity and prognosis. Cabin information (e.g. presence of win- 

ows and ventilation) was also collected. Comorbidity data were 

nly partially available via self-reported medication information in 

abin health records. These data were disregarded in this study. 

ationality was categorized as Asian or other because Asians dom- 

nated both the passengers and crew. 
110 
utcomes and explanatory variables 

Exploiting the unique features of the Diamond Princess outbreak 

i.e. complete observations on passengers and crew in whom infec- 

ion and symptoms were identified explicitly), two different types 

f risk were examined: (i) the risk of infection from in-cabin expo- 

ure; and (ii) the risk of disease among PCR-positive infected indi- 

iduals. The latter category involved multiple risks, including risk 

f symptomatic infection, risk of severe disease and risk of death. 

hese risks were quantitated, and potential factors associated with 

utcomes were explored, as discussed elsewhere ( Gandhi et al., 

020 ). 

isk of infection in exposed individuals 

Among the 26 6 6 passengers housed in 1344 cabins during the 

uarantine, this study focused on cabins containing at least one 

uest with PCR-confirmed infection, designated as the index case 

n that cabin. The secondary attack rate was calculated for cab- 

nmates. Single rooms and rooms without confirmed cases were 

xcluded from the analysis. Four passengers without PCR results 

ere also excluded from the analysis. When there were two peo- 

le (Persons 1 and 2) infected in the same cabin, there were three 

ossible interpretations: (i) Person 1 was the index case and trans- 

itted the virus to Person 2; (ii) Persons 1 and 2 acquired infection 

utside the cabin simultaneously (co-primary cases); or (iii) Per- 

ons 1 and 2 acquired infection outside the cabin independently 

 Bailey, 1956 ; Klinkenberg and Nishiura, 2011 ). Considering the 

OVID-19 serial interval distribution ( Ali et al., 2020 ; Prete et al., 

020 ), PCR-confirmed infections among cabinmates that occurred 

4 days apart were considered to reflect Interpretation (i). All PCR- 

egative passengers whose cabinmates were positive were consid- 

red as controls. 

isks of symptomatic illness, severe disease and death among infected 

ndividuals 

When considering the risks of symptomatic illness, severe dis- 

ase and death among infected individuals, this study focused on 

ll PCR-positive passengers and crew. Of 721 cases who tested pos- 

tive onboard, 686 cases were fully followed-up. The remaining 

5 cases were evacuated to Japan immediately and were lost to 

ollow-up. Among these 686 cases, nine cases whose symptoms 

ere not fully recorded were excluded. Of the remaining 677 cases, 

00 remained asymptomatic. Of the remaining 377 cases, 48 expe- 

ienced severe disease and 13 died. 

tatistical analysis 

All risks were derived from binomial distributions, and their 

5% confidence intervals (CIs) were calculated from Agresti’s score 

nterval. In multi-variable logistic regression analyses, explanatory 

ariables for secondary attack rate included age, sex, date of PCR 

before or on/after 12 February 2020) and the presence of windows 

n the cabin. Date of PCR was dichotomized because the onboard 

uarantine started on 5 February 2020, and the mean delay from 

nfection to diagnosis was estimated as 7 days (i.e. the mean incu- 

ation period of 5 days plus a 2-day lag from symptom onset to di- 

gnosis). With regard to risks associated with the clinical spectrum 

f disease, explanatory variables included age, sex and nationality 

Asian or other). Nationality was included because the epidemic 

n the Western Pacific region has been less intensive compared 

ith Western countries ( Kayano and Nishiura, 2020 ; Kenyon, 2020 ; 

amamoto and Bauer, 2020 ). 
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Figure 1. Date of confirmation of primary cases among cabinmates and secondary transmission on Diamond Princess . Numbers of individuals with infected cabinmates are 

shown according to the date of the first positive polymerase chain reaction (PCR) result for the primary case ( n = 266); primary cases were classified as with or without 

secondary transmission events. Following the onboard quarantine starting on 5 February 2020, and assuming a mean incubation period of 5 days and a lag from illness 

onset to diagnosis of 2 days, the curve indicates that the proportion of exposures within cabins resulting in secondary transmission was greatly reduced by the quarantine. 

Table 1 

Multi-variable logistic regression model describing the risk of infection among exposed individuals with 

infected cabinmates ( n = 266). 

Adjusted OR (95% CI) P -value 

Age (years) 1.02 (1.00–1.05) 0.08 

Male sex 1.04 (0.76–1.42) 0.79 

Primary case tested PCR positive on or after 12 February 2020 0.53 (0.39–0.72) < 0.01 a 

Windows in cabins 1.25 (0.88–1.84) 0.22 

OR, odds ratio; CI, confidence interval; PCR, polymerase chain reaction; AIC, Akaike’s information 

criterion. a Significant association. The effect of age was modelled per 1-year increase. R 2 U = 0.072, 

AICc = 269. 
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In total, 266 passengers were exposed to SARS-CoV-2 within 

heir cabins, of whom 58 (21.8%) were infected (PCR positive). 

ighty-nine and 177 exposed passengers were tested by PCR before 

nd on/after 12 February 2020, respectively ( Figure 1 ), of whom 

2 (36.0%) and 26 (14.7%), respectively, were infected. The average 

ge of passenger cases was 64.7 years, with lower and upper quar- 

ile boundaries of 62 and 74 years, respectively. Men accounted for 

0.2% of passenger cases, and sex was not associated with in-room 

ransmission ( P = 0.79). The univariate odds ratio (OR) of secondary 

ransmission on or after 12 February 2020 was 0.41 (95% CI 0.26–

.64) compared with before this date. Multi-variable analysis also 

dentified PCR testing on or after 12 February 2020 as an explana- 

ory variable with an adjusted OR (aOR) of 0.53 (95% CI 0.39–0.72) 

 Table 1 ). Older age of exposed individuals was marginally associ- 

ted with increased odds of infection (aOR 1.02, 95% CI 1.00–1.05; 

 = 0.08). 

Figure 2 shows the age distribution of 677 PCR-positive indi- 

iduals. Of these individuals, 377 (55.7%) were symptomatic, 48 

7.1%) had severe disease and 13 (1.9%) died. The proportion of 

ymptomatic infected individuals was highest among cases aged 

80 years (88.5%). Severe disease was observed most frequently 

mong cases aged ≥80 years (21.1%), followed by cases in their 70s 

10.3%) and 60s (6.1%). No cases aged < 40 years experienced severe 

isease. Deaths were most common among cases aged ≥80 years 
s

111 
7.7%), followed by cases in their 70s (3.4%) and 60s (0.6%). No 

ases aged < 60 years died. The infection fatality risk (IFR) among 

ases aged ≥70 years was estimated at 4.2% (95% CI 2.4–7.2). 

Figure 3 shows the risks of symptomatic infection, severe dis- 

ase and death in each age group superimposed on the regres- 

ion line. As summarized in Table 2 , multi-variable logistic re- 

ression showed that older age was significantly associated with 

ymptomatic infection (aOR 1.01, 95% CI 1.00–1.02). Severe dis- 

ase was more frequently observed in men (aOR 1.85, 95% CI 

.32–2.69) and older cases (aOR 1.08, 95% CI 1.05–1.12). Older 

ge was significantly associated with risk of death (aOR 1.12, 95% 

I 1.05–1.21). 

Using parameter estimates from logistic regression models, age- 

pecific risks of symptomatic illness, severe disease and death were 

uantified to describe the natural course of infection ( Figure 4 ). 

oung adults seldom experienced severe disease, and risk of symp- 

omatic illness decreased in younger cases. The risks of severe dis- 

ase, death and symptomatic illness increased with advancing age. 

lderly individuals (age ≥80 years) had the highest risks of severe 

isease and death. 

iscussion 

This study explored the risks of secondary transmission and 

pectrum of COVID-19 manifestations and outcomes among pas- 

engers and crew on the Diamond Princess . The analysis showed 
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Figure 2. Age distribution of confirmed coronavirus disease 2019 (COVID-19) cases on the Diamond Princess . Of 721 confirmed cases, 677 were eligible and included in the 

analysis. Severity and presence of symptoms represented the worst state for each case. For instance, if an infected individual was diagnosed during the asymptomatic phase 

and later developed illness but recovered without complications, the case was classified as ‘symptomatic’. If a case was diagnosed as symptomatic and later developed severe 

illness but eventually recovered, the case was classified as ‘severe’. 

Table 2 

Multi-variable logistic regression models describing the risks 

of symptomatic illness, severe disease and death in infected 

individuals ( n = 677). 

Adjusted OR (95% CI) P -value 

Symptomatic illness 

Age (years) 1.01 (1.00–1.02) < 0.01 a 

Male sex 1.09 (0.94–1.27) 0.27 

Nationality (Asian) 1.10 (0.93–1.29) 0.28 

Severe disease 

Age (years) 1.08 (1.05–1.12) < 0.01 a 

Male sex 1.85 (1.32–2.69) < 0.01 a 

Nationality (Asian) 0.86 (0.63–1.19) 0.34 

Death 

Age (years) 1.12 (1.05–1.21) < 0.01 a 

Male sex 1.74 (0.95–3.72) 0.10 

Nationality (Asian) 1.30 (0.70–2.78) 0.44 

OR, odds ratio; CI, confidence interval; AIC, Akaike’s informa- 

tion criterion. 
a Significant association. The effect of age was modelled 

per 1-year increase. Male is compared with female. Model 1 

(risk of symptomatic illness): R 2 U = 0.011, AICc = 928; Model 2 

(risk of severe disease): R 2 U = 0.146, AICc = 304; Model 3 (risk 

of death): R 2 U = 0.152, AICc = 117. 
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hat in-room secondary transmission occurred more frequently 

rior to the onboard quarantine, and older age of exposed per- 

ons was marginally associated with increased risk of infection 

 P = 0.08). Follow-up of passengers and crew for 4 months after the 

nd of quarantine clearly showed that age was the most impor- 

ant predictor of clinical course of infection. Older elderly cases 

ended to have greater risks of symptomatic illness, severe disease 

nd death than cases of other ages, consistent with previous stud- 

es ( Ruan, 2020 ; Verity et al., 2020 ). Due to the completeness of

ollow-up, it was concluded that the IFR among cases aged ≥70 

ears was 4.2%; a preliminary estimate based on the same publicly 

vailable data was 6.4% ( Russell et al., 2020 ). 

Two important take-home messages emerged from this study. 

irst, the onboard quarantine restricting movement outside of cab- 

ns reduced the risk of infection by approximately 50% among pas- 
112 
engers whose cabinmates had PCR-confirmed COVID-19. During 

he quarantine period, passengers were instructed to remain in 

heir own cabins. All exposed individuals had been in contact with 

nfected cabinmates by the time of PCR testing, and the results 

ndicate that inter-room transmission was prevented successfully 

uring the quarantine period. Second, it was possible to quantify 

he epidemiological determinants of clinical course of infection, es- 

ecially as a function of age. As well as severe disease and death, 

ymptomatic illness was found to be more common among older 

ndividuals. Older elderly individuals (age ≥80 years) had the high- 

st risks of severe disease and death. Although the effect size (aOR) 

f elderly patients with regard to symptomatic illness, severe dis- 

ase and death were 1.01, 1.08 and 1.12, respectively, these values 

epresent the increment of risks with every single age, and the 

esulting increment for older elderly individuals tends to be very 

arge. 

Some of the negative results of this study are also informa- 

ive. The presence of a window in cabins was not associated with 

isk of infection among exposed passengers with infected cabin- 

ates. Thus, in-room airflow was not immediately evident as a 

ajor determinant of secondary transmission in situations of close 

ontact. Nationality (Asian or other) was not associated with devel- 

pment of severe disease, despite the fact that cumulative COVID- 

9 incidence and deaths in Asia, especially in the Western Pa- 

ific and Southeast Asia, have been lower than in Europe and the 

SA ( Kayano and Nishiura, 2020 ; Kenyon, 2020 ; Yamamoto and 

auer, 2020 ). 

An important characteristic of COVID-19 is its heterogeneous 

ransmissibility, especially in high-risk indoor settings such as 

ubs, bars and night clubs. This feature has been demonstrated 

o reduce cumulative incidence at the end of the epidemic 

 Britton et al., 2020 ; Diekmann et al., 2010 ; Gomes et al., 2020 ;

iou and Althaus, 2020 ). The present study adds to this body of 

nowledge by demonstrating that the risks of clinical manifesta- 

ions are also highly heterogeneous, being highly dependent on 

ge. This exercise yielded systematic age-dependent estimates of 

hese risks, enabling calculation of the cumulative risk of death at 

he end of the epidemic. 
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Figure 3. Age dependence in the natural history of coronavirus disease 2019 (COVID-19) infection ( n = 677). Age-dependent variation was examined with respect to (A) 

symptomatic illness, (B) risk of severe disease and (C) risk of death among infected individuals. Black diamonds show sample estimates plotted at the mid-point age of each 

age group (except for cases aged 0–19 years and for those aged ≥80 years, which were plotted at 15 and 85 years, respectively). Whiskers indicate the boundaries of the 

95% confidence intervals, which were derived from Agresti’s score interval. Solid curve lines show the risk of death based on univariate logistic regression taking age as a 

continuous explanatory variable. Dashed lines show the upper and lower 95% confidence intervals of the risks and were derived from the bootstrap method. 
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Five important limitations of this study should be acknowl- 

dged. First, cases were diagnosed using PCR tests with lim- 

ted sensitivity. Repeated PCR testing was performed among both 

ymptomatic persons and close contacts of cases during the quar- 

ntine and disembarkation periods. Asymptomatic persons under- 

ent PCR testing upon disembarkation alone. Unrecognized infec- 

ions, especially prior to quarantine, and additional asymptomatic 

ases could have existed. Second, comorbidity data were incom- 

lete and thus were not considered in this study. Metabolic comor- 

idities (e.g. obesity, diabetes, chronic obstructive lung disease and 

ypertension) are predictive of risk of COVID-19 death in hospitals 

 Abu-Raya, 2020 ; Zhou et al., 2020 ). Moreover, steroids and im- 
113 
unosuppressive drugs may reduce fatality rates in patients with 

evere COVID-19 ( Brotherton et al., 2020 ; Guaraldi et al., 2020 ), 

nd anti-hypertensive drugs (e.g. angiotensin-converting enzyme 

nhibitors) may increase the risk of severe outcomes ( Cai, 2020 ). 

ssuming that elderly passengers on the Diamond Princess rep- 

esent a wealthier fraction of the general population and were 

ealthy in general when they boarded the ship, the age-dependent 

stimates could have underestimated the risks of symptomatic ill- 

ess, severe disease and death. Third, racial differences among pas- 

engers and crew members were not considered, and nationality 

Asian or other) alone was considered in this study. Fourth, health 

nterviews during the quarantine were complicated by language 
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Figure 4. Clinical manifestations and outcomes of coronavirus disease 2019 (COVID-19) as a function of age. Age dependence of clinical manifestations is summarized. Areas 

were drawn according to the best fit solutions of logistic regression models. 
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arriers. However, the Diamond Princess crew were accustomed to 

esolving language barriers, especially for passengers who do not 

peak English. Finally, limited data were available on behaviours, 

ompliance (e.g. mask wearing and hand hygiene) and relation- 

hips among cabinmates (e.g. spouses, relatives or friends). 

Despite these issues and limitations, this study offers critically 

elevant estimates of parameters underlying the age-dependent 

atural history of COVID-19. Compared with older individuals, 

ounger cases have smaller risks of symptomatic illness and se- 

ere manifestation. Moreover, older elderly cases (age ≥80 years) 

ad a higher risk of death than the younger elderly cases (65–79 

ears old), and yielded the highest risk of death. 

Using the epidemiological data collected during an outbreak of 

OVID-19 on the cruise ship Diamond Princess , this study found 

hat severe disease, death and symptomatic illness were more 

ommon among older individuals. Among older elderly cases, age 

80 years was associated with the highest risks of severe disease 

nd death. Another finding was that inter-room transmission was 

revented successfully by the onboard quarantine. 
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